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The critical time in temper embrittlement
isotherms of phosphorus in steels
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The critical time in non-equilibrium segregation isotherm will induce a critical time in
relative temper embrittlement isotherm, at which when a steel is held, a maximum in the
extent of embrittlement will occur. This suggestion has been confirmed in present paper for
phosphorus non-equilibrium segregation into grain boundaries in some steels. © 7999
Kluwer Academic Publishers

1. Introduction enormous number in matrix will disappear to approach
Temper embrittlement in low-alloy steels is generallyits thermal equilibrium concentration at the lower tem-
defined as embrittlement which appears after heatingerature. During the process the vacancies and some
or slow cooling in the critical temperature range (350-impurity atoms will combine in matrix to form vacancy-
550°C). Common indications of embrittlement are: asolute atom complexes. They will diffuse to grain
loss of toughness, i.e. a shift in the ductile-brittle tran-boundaries resulting in excess solute concentration.
sition to higher temperatures; the fracture path usuallyThis is called solute NGS. There were already some
along grain boundaries and segregation of impurities t@vidences to implicate the important effect of oversat-
grain boundaries. urated vacancies on temper embrittlement [4-8].
Although a great deal is known about the phe- In the present work, the critical time in temper em-
nomenological effects of temper brittleness, and workrittlement isotherms, will be put forward through dis-
on an adequate theory to explain the effects have contirsussion of relevant published works on temper embrit-
ued for over 50 years, just as pointed out by Hickey andlement. This new concept is the most direct evidence
Bulloch recently [1], no completely satisfactory theory of the effect of oversaturated vacancies on temper em-
of temper embrittlement has yet emerged. Present equiprittlement.
librium grain boundary segregation model is still not a
satisfactory theory to explain all phenomenological ef-
fects of temper brittleness. It was shown in some studieg. Critical time in NGS isotherms
that phosphorus segregation, the major embrittling im1t was suggested [9, 10] that the solut¢ NGS pro-
purity in commercial steels, conformed to considerableduced by the oversaturated vacancié$ in matrix is
characteristics of non-equilibrium grain-boundary seg-based on the following equilibrium, in which a suffi-
regation (NGS) [2, 3]. cient quantity of vacancy-solute atom complex€3 (
According to the thermodynamics of lattice defects,exist,
the concentration of vacancies in thermal equilibrium
in a perfect lattice may be written: | +V =C.

C = Aexp(-E;/kT) (1)  Alocal vacancy-solute atom complex reaction may be
considered to be balanced whereas the overall process
whereE; is the energy required to form one vacanBy, will not necessarily require the system to be in equi-
is an entropy term of vacancy. Itis clear that the equilib-librium. When a sample is quickly cooled to a lower
rium number of vacancies will decrease rapidly with de-temperature and then held at this temperature, it can
creasing temperature, owing to the exponential form obe believed that at the beginning of this process the
the expression, and for most common metals has a valummplex diffusion to grain-boundaries will be domi-
of about 10" near the melting point. One of the precon- nant and decrease with time. A reverse diffusion of so-
ditions that any kind of temper brittleness occurs is thatute atoms from grain boundaries to center will occur
samples must be held at, or slowly cooled through, and increase with time when grain boundary concen-
critical temperature range (350-5%80) after they have tration of solute is over the equilibrium grain boundary
been cooled or quenched from a higher temperatureconcentration. There must exist such a time when the
Therefore it can be expected that when sample is enreverse solute diffusion balances the complex diffusion
brittled (being held at, or slowly cooled through, the to the grain-boundaries and the concentrations of solute
critical temperature range), oversaturated vacancies af grain-boundaries reach a maximum. Just as defined
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in ref. [5, 11-14], for a sample cooled quickly enough The NGS of phosphorus induced by cooling of dif-
to a lower temperature so that no matter transfer occurerent rates was most recently observed by Vorlicek
during the cooling and then isothermally held there, theand Flewitt in Fe-3wt%Ni-P alloys and 2wt%Cr-1
critical time is defined to be the holding time at which wt%Mo-P steel [3]. Grabket al. also investigated the
the segregation concentration reaches a maximum. Xphosphorus grain boundary segregation kinetics during
Tingdong [11] has given experimental evidence to contempering at 680C for 2.7Cr-0.7M0-0.3V steels with
firm the existence of the critical time and a concomi-phosphorus mass contents of 0.004, 0.014, and 0.027%.
tant maximum in concentration at grain boundaries forlt was shown that a phosphorus grain boundary enrich-
boron in the Fe-30%Ni(B) alloy. ment during tempering at 68C was mainly caused
Just as done by Xu Tingdongf al. [12, 15], that by NGS [2]. Faulkner [16] gave a evidence that NGS
the critical time,t;(T), can be estimated by equating of phosphorus produced temper embrittlement during
the flux of complexes towards the grain boundariessothermsin Nb microalloyed steels after post weld heat
to the impurity flux towards the grain centers. The crit-treatment (PWHT). The PWHT falls into the time zone
ical time,t;(T), is given by where the transition from segregation to desegregation
occurs. Thus a peak in P segregation is expected as a
to(T) = R?In(D¢/D;)/[48(De — Dj)] (2)  function of PWHT time. This is observed and is fur-
ther substantiated by a drop in Charpy impact value in
wheres is the critical time constant. According to the the time zone where P segregation is greatest. There-
method suggested in [14§,= 115 can be calculated fore, some characteristics of NGS, such as critical time,
and will be adoped in the following calculation of the May well be true for systems of impurity phosphorus
present workD; and D, are respectively the diffusion [N Steels.
coefficient of solute atom and complex at temperature

T, andR s the grain size. o .
3.1. Overaging in temper embrittlement

isotherms
Bush and Siebert [17] and a lot of other researchers
reported respectively that at some embrittlement tem-
O'oerature “overaging” appears to occur—that is, the de-
Jree of embrittlement increases first and then decreases
with isothermal aging time. In Bush and Siebert’s works

3. The critical time in temper embrittlement
isotherms

Owing to the fact that temper brittleness is promote

by the grain boundary segregation of certain impuritie

in steels, a critical time in non-equilibrium segregation .
: : s L _[17], the rough blanks were normalized at 1660
isotherm should induce a critical time in temper em 870°C) for one hour, then austenitized at 1660

brittlement isotherm. That means such a holding tim o ; )
may exist in some temper embrittlement isotherms, a€870 C) for 1.5 hour, and quenched into an agitated

which a maximum in extent of embrittlement occurs.gﬂjsbﬁg]r'] dTgigngigosi'\t/'g: igf_l_t:;:llgg dsttﬁgl dﬁ:?,fg d
In ref. [4], it has been reported that there exist a non- 9

equilibrium cosegregation of Ni, Sb and Ti to grain In present paper for phosphorus is in Table Il. The spec-

boundaries and concomitant maximum of the extent Ot:/naetzgrs Vﬁgﬁgﬁ? dpeTrﬁg;t gfgi?j g);?::rigr?::/\?;ri des-
embrittlement in temper embrittlement isotherms in Ti- q ’ P P

doped low carbon NiCr steels. This result should be, udgnated as the toughened state. Then the tempered bars

to the present, the most direct evidence of NGS inducy /€€ subjected to the various ispthermal embrittling

ing critical time in temper embrittlement isotherms. treatments fr_om 75010 1.109: for times of 1 to 3000
hour. According to Equation 2, the calculated value of

critical time t; for phosphorus at 127% (690°C) is

1.2 hour. It is therefore clear that the tempering time

of 5 hour at 1275F is long enough to even out al-

Alloys Ni Cr C P S Mo Mn Si most entirely the phosphorus segregation level, which
was caused by the first quenching from 16B0nto

HY130 4.88 057 011 0003 0.005 049 0.88 034 _ . ; ;

5140 010 084 043 002 0019 006 086 o027 aditated oil bath. Therefore these tempered specimens

were designated as the toughened state [17]. Table 1lI

TABLE | Thecompositions of steels being relative to this study (wt %)

TABLE |l Data used in the theoretical calculation

Parameter In the ferrite In the austenite

Di (m?s™1) 2.9x 10~* exp(—2.39/kT) [19] 2.83x 103 exp(-3.03/kT)  [19]

D¢ (m?s71) 5x 1075 exp(~1.80/kT) [13] 5% 1075 exp(=2.11/kT) [13]

Es (eV) 1.6 [21, 22] 1.6 [21, 22]
Ep (eV) 0.36 [13]

Ea (eV) 1.8 [13] 211 [13]

Em (eV) 1.2 [21, 22] 1.2 [21, 22]
R (m) 3x10°° 3x10°°

A 0.775 [20]

Q (eV) 0.397 [20]

Cy 0.11 0.11
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shows Bush and Siebert's experimental results andk still too short to induce overaging campared with the
the calculated critical times of corresponding tempera<calculated critical timé& = 29613 h at this temperature.
tures from Equation 2 for phosphorus. It is clear fromFor samples of 1100 (593°C) the experimental data
Table 1l that the maximums in embrittlement isotherm in Bush and Siebert's works are so less that could not be
for temperatures 850 (454°C), 950°F (510°C), discussed here. THes hardnesses of all the specimens
1000°F (538°C) and 1050F (566°C) do occur right in Bush and Siebert's works were determined before
at about the calculated critical times of correspondinghe impact test. It is interesting to note that the maxi-
temperatures. Especially for the samples of @30 mum shift in averagdg hardness from the toughned
measured critical time in temper embrittlementstate to the softest condition was less than six points,
isotherms is about between 1000 and 3000 h and caknd the range of values from the highest to the lowest
culated critical time from Equation 2 is 2558 h. For was less than nine points. Therefore, it is believed that
the sample of 950F, measured critical time is between any change in hardness is too small to affect the impact
100 and 1000 h and calculated critical time is 298 h. Fovalues noticeably. Therefore, ‘overaging’ reported in
the sample of 1000, measured critical time is about ref. [17] should essentially be the phenomenon of crit-
between 24 and 100 hours and calculated critical timeécal time in temper embrittlement isotherms and may
is 114 hours. For the samples of 730(399°C), no  be induced by the NGS of phosphorus.

overaging occurs because the isothermal holding times

adopted here by Bush and Siebert, not beyond 3000 B 5 powers’ experimental results

In powers’ studies [18], the steels were treated by tem-
per embrittlement isotherm all for 1000 hours at var-

ious temperatures and the susceptibility to embrittle-
ment was measured. Austenitic grain sizes of these

TABLE 111 Bush and Siebert’s experimental results [17], and the
calculated critical timeg; for phosphorus in steel from Equation 2

Transition temperature used steels ranged from ASTM No. 3 to 4 and each
50 Ft-Lb 50 Pct calculated  Steel was tempered individually to attain approximately
Impact Brittle critical 250 Brinell hardness. An optimum embrittling temper-
Heat treatment energyk)  fracture (F)  timestc () gture around 90TF (482°C) for all these five steels
ih 9 g0 of different compositions was shown in Fig. 1. Why
10h _o0 _g88 does this optimum embrittling temperature exist at
750°F  24h —80 -83 29613 about 900F? Table IV shows the calculated critical
100 h -78 —88 times, t, for phosphorus at various temperatures. It
1000h 80 -9 will be found from Table IV that it is only at about
soooh 87 87 890°F (477°C) that the critical time, 1008 hours,
1h _87 _90 is closest to the isothermal aging time, 1000 hours,
10h —80 -81 adopted by Powers in his experiments. Thus a max-
gs0°F 24h —69 —54 2558 imum of NGS level and maximum in embrittlement
iggohh *415 *511 must be attained at about 9@ For all the samples
3000 h >7 34 of the embrittlement isotherm temperature lower than
890°F, the relative critical times will increase rapidly
1h -85 -83 and get longer and longer than 1000 hours with de-
10h —40 —47 creasing the isotherm temperature. Therefore, the de-
950°F ig(?h *24 *33 298 gree of embrittlement will get lower and lower when
1000h -6 5 the isothermal ageing time adopted is still 1000 hours.
3000h  —15 _15 For all the samples of the isotherm temperatures higher
than 890F, the relative critical times will decrease
lh —74 —74 rapidly and get shorter and shorter than 1000 hours with
1000°F ;gﬂ :‘3‘2 :ig’ 114 increasing the isothermal ageing temperature. There-
100 h _3a _a2 fore the degree of embrittlement will also get less and
less due to the de-segregation of phosphorus when the
1h -31 -81 isotherm time adopted is still 2000 hours. It is obvious
10h -5l —53 that 900°F being the optimum embrittling temperature
1050°F ig(?h :32 :g? 47 in Powers’ studies is induced by the critical time in
1000h  —56 _56 phosphorus temper embrittlement isotherm.
3000h  —67 -58 According to the prediction from critical time calcu-
lation, the optimum embirittling temperature will move
e ;i?} :Zg :Zé 20 to a temperature higher than 90 if the adopted
100 h _49 _49 isothermal time is shortened and it will also move to

a temperature lower than 90B if the isothermal time

TABLE IV Calculated critical times at various temperatures from Equation 2 for phosphorus in steels

Ageing temperature’F) 750 800 850 890 900 950 1000 1050
Critical time (h) 29613 8120 2558 1008 840 298 114 47
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Figure 1 Development of temper embrittlement in the Molybdenum steels upon ageing for 1000 hours at various temperature [18].

is prolonged. This prediction has already been con-2.
firmed from Bush and Siebert’s experimental results
mentioned above [17]. It is clear in their experimental >
results shown in Table I, that the optimum embrit-
tling temperature exists also at about 98For all the 5.
samples which were aged for 1000 hours at various tem-
peratures, and exists at about 85dor all the samples 6.
for 3000 hours, and exists at about 950for all the
samples for 100 hours.

Powers did not point out what element would be the g
embrittler in the steels used in his study and even did not
give the chemical compositions of common embrittlers. 9.
But Powers’ study was commonly quoted as a sample
of Mo retarding the segregation of P. Therefore, th
present assumption that phosphorus was the embrittigp
in Powers’ steels would be reasonable.

13.

4. Summary 14.

The critical time of NGS can induce a critical time in 15,
temper embrittlement isotherms, to which when steels.
is held, a maximum in extent of embrittlement occurs.17-
Such a phenomenon of critical time may exist in temper

embrittlement isotherms of phosphorus in steels. 19,

20.
21.
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